Raman spectroscopy for the forensic examination of reactively dyed cotton by Thomas, J
Raman Spectroscopy
for the Forensic Examination 





submitted as requirement for the 
degree of Doctor of Philosophy (Science)
University of Technology, Sydney 
Faculty of Science
October 2005
Certificate of Authorship and Originality
I certify that the work in this thesis has not been previously submitted for a 
degree nor has been submitted as part of the requirements for a degree except as 
fully acknowledged in the text.
I also certify that the thesis has been written by me. Any help that I have 
received in my research work and the preparation of the thesis itself has been 
acknowledged. In addition, I certify that all the information sources and 




The completion of this thesis has been through the input and support of many 
people. First and foremost, I would like to thank my supervisor, Professor 
Claude Roux, your guidance and advice has been much appreciated. Thanks for 
all the fabulous opportunities you provided for making contacts in the field of 
Raman spectroscopy and the broader field of fibre examinations.
I would also like to thank: Adjunct Professor James Robertson, my external 
supervisor, who has provided much appreciated feedback at critical moments; Dr 
Brian Reedy for readily sharing his expertise in Raman spectroscopy; Dr Philip 
Doble for educating me in the ways of chemometrics; Dr Philip Maynard for his 
help in spectral interpretation and his time spent reviewing drafts, and; Dr Susan 
Bennet (nee Langdon) for sharing her data and experience in researching fibres.
1 have been lucky enough to draw on the expertise of many and I would 
especially like to thank the members of the European Fibres Group (particularly 
Professor Genevieve Massonnet) for their interest, feedback and knowledge on 
all things fibre related. I would also like to thank Patrick Buzzini (and everyone 
at ESC) for making my research time in Switzerland informative AND fun.
To all my fellow PhD’ers - Karen, Bee, Tamsin, Daniel, Sonia, Katherine, Al, 
Matt, Tristan, Mark, Viv and Phil - thanks for all the sharing, caring and for 
making Uno time the best part of the day. To Sim and Dana, your support, cups 
of tea and time-out have saved my sanity.
Huge thanks to my family, your support and belief in me was sometimes the only 
things that kept me going. To my sister Meg, your time spent editing and 
formatting is appreciated in ways words cannot express.
Finally, to David. Your love, support and understanding are things that I have 
relied on and appreciated this whole journey. You are my rock.
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Table of Contents
LIST OF FIGURES.................................................................................................................................... V
LIST OF TABLES................................................................................................................................... XII






1.1.1 History and Classification........................................................................................2
1.1.2 World Fibre Production...........................................................................................4
1.1.3 Cotton Fibres and Forensic Science......................................................................... 6
1.2 Dyes...............................................................................................................................7
1.2.1 History of Dyes..........................................................................................................8
1.2.3 Production Statistics.............................................................................................. 15
1.3 Textiles as Forensic Evidence................................................................................. 16
1.3.1 How Fibres Come to be Evidence.......................................................................... 19
1.3.2 Prevalence and Importance of Fibres.....................................................................21
1.3.3 History of Fibre Examinations................................................................................ 22
1.4 Collection of Fibres................................................................................................ 23
1.5 Analysis of Fibres.....................................................................................................24
1.5.1 Identification............................................................................................................25
1.5.2 Comparison..............................................................................................................28
1.6 Interpretation of Fibre Evidence............................................................................31
1.6.1 Fibre Frequency and Trends.................................................................................. 33
1.6.2 Bayesian Analysis/Inference................................................................................... 37
1.7 Research and Fibre Examinations......................................................................... 39
1.7.1 Research into in-situ Dye Analysis......................................................................... 40
CHAPTER 2: RAMAN SPECTROSCOPY..................................................................................... 42
2.0 Summary.....................................................................................................................42
2.1 Theory......................................................................................................................... 42
2.2 History and Developments.................................................................................... 46
2.3 Raman Signal Enhancement.................................................................................. 52
2.3.1 Resonance Raman Scattering (RR)..........................................................................52
- i -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
2.3.2 Surface Enhanced Raman Scattering (SERS)........................................................ 52
2.3.3 Surface Enhance Resonance Raman Scattering (SERRS)......................................52
2.4 Raman Spectroscopy Research.............................................................................. 53
2.4.1 Raman and Forensic Samples.................................................................................. 53
2.4.2 Raman and Dyes/Pigments.....................................................................................54
2.4.3 Raman and Fibres................................................................................................... 55
2.4.4 Raman Spectroscopy and the European Fibres Group (EFG)..............................56
CHAPTER 3: DIRECTION AND AIMS......................................................................................... 58
3.0 Summary.....................................................................................................................58
3.1 Sample Selection...................................................................................................... 60
3.1.1 Fibre Type and Colour............................................................................................ 60
3.1.2 Dye Type..................................................................................................................61
3.2 Optimisation of Methodology...............................................................................64
3.3 Comparison of Raman Spectroscopy and Microspectrophotometry........... 65
3.4 Use of Chemometrics for Raman Spectral Data.................................................65
3.5 Library of Common Reactive Dyes.......................................................................66




4.1.2 Changing Laser Wavelength to Overcome Fluorescence...................................... 71
4.1.3 Effect of Mounting Conditions............................................................................... 74
4.2 Aims.............................................................................................................................76
4.3 Materials and Methods.......................................................................................... 76
4.3.1 General..................................................................................................................  76
4.3.2 Samples.................................................................................................................... 77
4.3.3 Raman Microprobe Conditions.............................................................................. 77
4.3.4 Microspectrophotometer Conditions....................................................................  78
4.3.5 Experiments...........................................................................................................  79
4.3.6 Data Treatment........................................................................................................81
4.4 Results and Discussion........................................................................................... 84
4.4.1 Mounting Variations............................................................................................... 84
4.4.2 Dye Analysis............................................................................................................88
4.4.3 Sample Degradation..............................................................................................  90
4.4.4 Fluorescence............................................................................................................92
4.4.5 Microspectrophotometry......................................................................................... 95
4.4.6 Varying the Laser Wavelength................................................................................ 97
- ii -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
4.5 Conclusions.............................................................................................................. 106




5.1.1 Raman Spectroscopy for Pigments.....................................................................  112
5.1.2 Raman Spectroscopy for Unch'ed Fibres.............................................................  113
5.1.3 Raman Spectroscopy and Coloured Man-made Fibres.......................................  113
5.1.4 Raman Spectroscopy and Dyed Natural Fibres.................................................. 114
5.2 Aims........................................................................................................................... 115
5.3 Materials and Methods........................................................................................ 116
5.3.1 General................................................................................................................  116
5.3.2 Samples................................................................................................................  116
5.3.3 Raman Microprobe Conditions...........................................................................  120
5.3.4 Microspectrophotometer Conditions..................................................................  120
5.3.5 Experiments......................................................................................................... 121
5.3.6 Data Treatment.................................................................................................... 123
5.4 Results and Discussion..........................................................................................124
5.4.1 Known Sample Set................................................................................................  124
5.4.2 Unknown Sample Set............................................................................................ 144
5.5 Conclusions.............................................................................................................162
CHAPTER 6: CHEMOMETRICS OF RAMAN SPECTRAL DATA.................................... 163
6.0 Summary................................................................................................................... 163
6.1 Introduction............................................................................................................ 163
6.1.1 Principal Components Analysis (PCA)...............................................................  165
6.1.2 Linear Discriminant Analysis (LDA)..................................................................  167
6.2 Aims........................................................................................................................... 169
6.3 Materials and Methods.........................................................................................170
6.3.1 General................................................................................................................  170
6.3.2 Samples................................................................................................................  170
6.3.3 Raman Microprobe Conditions............................................................................ 171
6.3.4 Experiments...........................................................................................................171
6.3.5 Data Treatment....................................................................................................  172
6.4 Results and Discussion........................................................................................175
6.4.1 Known Sample Set................................................................................................  175
6.4.2 Unknown Sample Set..............................................................................................190
6.5 Conclusions............................................................................................................. 194
- iii -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
CHAPTER 7: RAMAN SPECTROSCOPY FOR FORENSIC FIBRE EXAMINATIONS




APPENDIX 1: LIBRARY OF REACTIVE DYES.......................................................................203
CHAPTER 8: REFERENCES.........................................................................................................228
- iv -
Raman Spectroscopy for the Forensic Examination of Re actively Dyed Cotton
List of Figures
Figure 1-1 Classification and sub-classification of fibres [15].......................................... 3
Figure 1 -2 Conversion of fibres to finished product (garment)..........................................4
Figure 1-3 World production of fibres in 2002 [19].................................................................5
Figure 1-4 Electromagnetic spectrum with visible light detail [26]................................. 7
Figure 1-5 Structure of Tyrian purple...................................................................................... 8
Figure 1 -6 An azo dye - Cl Acid Orange 7...............................................................................10
Figure 1-7 Examples of red reactive dyes [29,30]................................................................. 13
Figure 1-8 Red dye created during first step of Reactive Black 5 manufacture........ 14
Figure 1-9 Bisazo Cl Reactive Black 5 in its pure form...................................................... 15
Figure 1-10 T-Shirt showing variations due to normal wear and tear (UV light
DAMAGE INDICATED BY AREAS CIRCLED) [33]...................................................................... 1 7
Figure 1-11 Examples of (left) Fibre Plastic Fusion, and (right) Plastic Coating Mark
(REPRINTED FROM [34])........................................................................................................  18
Figure 1-12 Procedure for the collection and examination of hairs and fibres [61].. 25
Figure 1-13 Flow chart showing scheme of fibre identification [62]................................26
Figure 1-14 Flow chart showing scheme of fibre analysis/comparison [62]...................29
Figure 1-15 Factors affecting the evidential value of fibres [16]................................... 32
Figure 1-16 Data considered for interpretation of fibre evidence [52]...........................33
Figure 2-1 Schematic of the Raman Effect showing Raman and Rayleigh scattering
(ADAPTED FROM [114]).......................................................................................................... 43
Figure 2-2 Origin of Rayleigh and Raman scattering, adapted from [113]................... 45
Figure 2-3 Raman spectrum for CCl4, from [113]..................................................................46
Figure 2-4 Timeline of advances in Raman instrumentation and theory [118, 119].....47
Figure 2-5 The 'Renishaw' Raman Spectroscopy System 2000, external view [ 130]...... 50
Figure 2-6 Schematic of Renishaw 2000 System [128].......................................................... 51
Figure 3-1 Schematic representation of the components of a typical bi-functional dye
WITH REACTIVE GROUPS.........................................................................................................63
Figure 3-2 Principle of cotton dying with triazyl reactive dye....................................... 63
Figure 4-1 Origin of Rayleigh and Raman scattering, adapted from [113].....................69
Figure 4-2 Simplified Jablonski Diagram showing fluorescence........................................ 69
Figure 4-3 Specially constructed cell used by Bourgeois and Church [168]............... 75
Figure 4-4 Fibre mounted on double sided tape....................................................................79
Figure 4-5 Fibre mounted in XAM beneath a glass coverslip...........................................79
- v -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Figure 4-6 Example of: 1-no spectra due to fluorescence.................................................82
Figure 4-7 Example of: 2- some spectral details with large amounts of fluorescence
.............................................................................................................................................. 82
Figure 4-8 Example of: 3- good spectral details with some fluorescence.................... 83
Figure 4-9 Example of: 4- excellent spectral details with little to no fluorescence 83
Figure 4-10 Raman spectrum of dyed fibre with no covering (method (i))..................... 84
Figure 4-11 Raman spectra of: (top) XAM through glass coverslip, (middle) XAM, and
(BOTTOM) GLASS COVERSLIP.................................................................................................. 85
Figure 4-12 Raman spectra of: (top) Black cotton through glass coverslip (mounted
IN XAM), AND (BOTTOM) BLACK COTTON SAMPLE (NO COVERING)............................................86
Figure 4-13 Raman spectra of (top) Black cotton mounted (glass and mountant
SUBTRACTION), AND (BOTTOM) BLACK COTTON NO COVERING OR MOUNTANT....................87
Figure 4-14 Spectral subtraction from Miller and Bartick [111] - arrows in spectrum
C INDICATE ARTEFACT PEAKS.................................................................................................................  88
Figure 4-15 Sample mounting variations (632.8nm laser). Top spectrum: Synazol Gold- 
Yellow diluted and dried on aluminium slide. Bottom spectrum: Synazol Gold -
Yellow dye particle......................................................................................................... 89
Figure 4-16 Raman spectrum of carbon (from carbon nanotubes) [179]........................ 90
Figure 4-17 Images (using Renishaw Instrument imaging) of sample A1 at (top) time = 0
AND (BOTTOM) LASER =100%, 20 X ACCUMULATIONS OF 20 SECONDS......................................91
Figure 4-18 Raman Spectra of (top) A1 sample 100% laser and 1 accumulation of 20
SECONDS (BOTTOM) A1 SAMPLE 100% LASER AND 25 ACCUMULATION OF 20 SECONDS ....92
Figure 4-19 Raman spectrum of fibre - undyed cotton at 5 14.5nm showing signal
SWAMPING DUE TO FLUORESCENCE........................................................................................ 93
Figure 4-20 Raman spectrum at 5 14.5nm of Moroccan Blue fibre. Some sample signal 
ABOVE THE FLUORESCENCE (BOXED AREA)........................................................................... 94
Figure 4-21 Raman spectrum of fibre Moroccan Blue at 5 14.5nm, baseline corrected94 
Figure 4-22 Vis-Microspectrophotometry (SEE 2100) results for (from left) Synazol
Gold-Yellow, Synazol Red, Sumifix Navy and dyed fibre Moroccan Blue........ 96
Figure 4-23 Analysis of Sumifix Navy dye with (from top) 5 14.5nm, 632.8nm, 785nm and
830nm laser sources......................................................................................................... 98
Figure 4-24 Analysis of Synazol Gold-Yellow dye with (from top) 5 14.5nm, 632.8nm,
785nm and 830nm laser sources.....................................................................................99
Figure 4-25 Raman spectra at 51 4.5nm analysis of (from top) dyed fibre - Moroccan
Blue, Sumifix Navy dye, Synazol Gold-Yellow dye and Synazol Red dye....... 100
Figure 4-26 Raman spectra at 632.8nm analysis of (from top) dyed fibre - Moroccan 
Blue, Sumifix Navy dye, Synazol Gold-Yellow dye and Synazol Red dye..... 101
- vi -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Figure 4-27 Raman spectra 685nm analysis of (from top) dyed fibre - Moroccan Blue,
Synazol Gold-Yellow dye, Synazol Red dye and Sumifix Navy dye................. 102
Figure 4-28 Raman spectra from 785nm analysis of (from top) dyed fibre - Moroccan
Blue, Sumifix Navy dye, Synazol Gold-Yellow dye and Synazol Red dye.....103
Figure 4-29 Raman spectra from 830nm analysis of (from top) dyed fibre - Moroccan
Blue, Sumifix Navy dye, Synazol Gold-Yellow dye and Synazol Red dye....... 104
Figure 4-30 Raman spectra from 785nm analysis of (from top) dyed fibre - Moroccan
Blue, blue dye - Sumifix Navy Blue and cotton......................................................104
Figure 5-1 Comparison of a pigmented fibre by (top) Raman spectroscopy - spectra
inverted and (bottom) IR spectroscopy [171]........................................................... 114
Figure 5-2 Raman spectra (785nm laser) of (top) sample 31 and its three component 
dyes Synazol Black B (2nd), Synazol Gold-Yellow HF 2GR (3rd), and Synazol Red
HF 6BN (BOTTOM).............................................................................................................  124
Figure 5-3 Raman spectra (632.8nm laser) of sample 31 (top) and its three component 
dyes Synazol Black B (2nd), Synazol Gold-Yellow HF 2GR (3rd), and Synazol Red
HF 6BN (bottom).............................................................................................................  125
Figure 5-4 Raman spectra (785nm laser) of (top) sample 14, (middle) sample 25 and
(bottom) sample 40 - each containing dye Synazol Black B................................ 126
Figure 5-5 Raman spectra (632.8nm laser) of (top) sample 14, (middle) sample 25 and
(BOTTOM) SAMPLE 40 - EACH CONTAINING DYE: SYNAZOL BLACK B................................ 126
Figure 5-6 Raman spectra (785nm laser) of Cibacron Navy LSN (top), and Cibacron
Black LSN (bottom)....................................................................................................... 127
Figure 5-7 Raman spectra (632.8nm laser) of Cibacron Navy LSN (top), and Cibacron
Black LSN (bottom)......................................................................................................... 128
Figure 5-8 Raman spectra (785nm laser) of (top) sample 32, (2nd) Cibacron blue LSBR,
(3rd) Cibacron Red LSB, and (bottom) Cibacron Orange LSBR............................ 129
Figure 5-9 Raman spectra (785nm laser) of (top) sample 35 (2KD) Cibacron blue LSBR
(3rd) Cibacron Red LSB, and (bottom) Cibacron Orange LSBR............................ 130
Figure 5-10 Raman spectra (785nm laser) of (top) sample 35, (middle) cotton, and
(BOTTOM) SAMPLE 32.........................................................................................................  13 1
Figure 5-11 Raman spectra (632.8nm laser) of (top) sample 32, (2nd) Cibacron blue
LSBR, (3rd) Cibacron Red LSB, and (bottom) Cibacron Orange LSBR................ 132
Figure 5-12 Raman spectra (632.8nm laser) of (top) sample 35, (2KD) Cibacron blue
LSBR, (3rd) Cibacron Red LSB, and (bottom) Cibacron Orange LSBR................ 132
Figure 5-13 Raman spectra (785nm laser) of (red) sample 39, and (blue) sample 38.... 133 
Figure 5-14 Raman spectra (red) sample 14 (light blue) sample 31 (purple) sample 25, 
AND (BLUE) SAMPLE 40-785NM.........................................................................................  134
Figure 5-15 Raman spectrum of sample 1 - 785nm 134
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Figure 5-16 Raman spectrum of sample 35 - 785nm.............................................................. 135
Figure 5-17 Raman spectrum of sample 32 - 785nm.............................................................. 135
Figure 5-18 Raman spectra of (red) sample 39, and (blue) sample 38 - 632.8nm........... 136
Figure 5-19 Raman spectra (red) sample 14 (light blue) sample 31 (purple) sample 25,
AND (BLUE) SAMPLE 40 - 632.8NM...................................................................................... 137
Figure 5-20 Raman spectrum of sample 1 - 632.8nm.............................................................137
Figure 5-21 Raman spectra of sample 32 (green) and sample 35 (red) - 632.8nm.......... 138
Figure 5-22 Vis-MSP spectrum of sample 39........................................................................ 139
Figure 5-23 Vis-MSP spectrum of sample 25.......................................................................... 139
Figure 5-24 Vis-MSP spectrum of sample 14.......................................................................... 140
Figure 5-25 Vis-MSP spectra of samples 32,35 and 38.........................................................140
Figure 5-26 Vis-MSP spectrum of sample 1............................................................................ 141
Figure 5-27 Vis-MSP spectrum of sample 18.......................................................................... 141
Figure 5-28 Vis-MSP spectrum of sample 20.......................................................................... 142
Figure 5-29 Flowchart of sample discrimination using Raman spectroscopy then Vis-
MSP..................................................................................................................................... 143
Figure 5-30 Flowchart of sample discrimination using Vis-MSP then Raman
SPECTROSCOPY...................................................................................................................  143
Figure 5-31 Frequencies of the seven different spectral categories (Raman)........... 144
Figure 5-32 Example Raman spectrum from Group 1...........................................................145
Figure 5-33 Example Raman spectrum from Group II..........................................................146
Figure 5-34 Example Raman spectrum from Group IV........................................................ 147
Figure 5-35 Example Raman spectrum from Group V..........................................................148
Figure 5-36 Example Raman spectrum from Group VI........................................................ 149
Figure 5-37 Frequencies of the eight different spectral categories (MSP)................ 150
Figure 5-38 Example UV/Vis-MSP spectrum from Group A.............................................. 151
Figure 5-39 Example UV/Vis-MSP spectrum from Group B.............................................. 151
Figure 5-40 Example UV/Vis-MSP spectrum from Group C.............................................. 152
Figure 5-41 Example UV/Vis-MSP spectrum from Group D................................................152
Figure 5-42 Example UV/Vis-MSP spectrum from Group E.................................................153
Figure 5-43 Example UV/Vis-MSP spectrum from Group F............................................... 153
Figure 5-44 Example UV/Vis-MSP spectrum from Group G................................................154
Figure 5-45 Raman spectral sub-classes in MSP Group A..................................................156
Figure 5-46 Raman spectral sub-classes in MSP Group B................................................ 156
Figure 5-47 Raman spectral sub-classes in MSP Group C................................................ 157
Figure 5-48 Raman spectral sub-classes in MSP Group D..................................................158
Figure 5-49 Raman spectral sub-classes in MSP Group E..................................................158
Figure 5-50 Raman spectral sub-classes in MSP Group F..................................................159
- viii -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Figure 5-51 Raman spectral sub-classes in MSP Group G.........................................................159
Figure 5-52 Raman spectral sub-classes in MSP Group H................................................160
Figure 5-53 Suggested analysis sequence of known and extraneous fibres;
INCORPORATING RAMAN SPECTROSCOPY ......................................................................................... 161
Figure 6-1 Illustration of a data vector, r, [ 184]............................................................. 165
Figure 6-2 Raman spectra of 785nm analysis of (from top) dyed fibre - Moroccan Blue,
Sumifix Navy dye, Synazol Gold-Yellow dye and Synazol Red dye. Red box
INDICATES APPROXIMATE AREA OF INTEREST AFTER SPECTRAL TRUNCATION...................... 173
Figure 6-3 Raman spectra (five repeats) of Sample 14 showing multiplicative and
BASELINE EFFECTS...................................................................................................................................  174
Figure 6-4 Raman spectra from sample 14 after spectral truncation............................. 174
Figure 6-5 Spectra of (top) sample 35 and (bottom) sample 32, from Chapter 5. Red box 
INDICATES TRUNCATED AREA USED FOR PCA ANALYSIS.............................................................. 1 76
Figure 6-6 Scree plot of Principal Components for samples 32 and 35 showing majority
OF VARIATION IS ACCOUNTED FOR IN THE FIRST FOUR PRINCIPAL COMPONENTS (PC1-PC4)
.............................................................................................................................................  177
Figure 6-7 Scree plot showing the Kaiser Criterion cut-off (at the eigenvalue of 1,
THEREBY USING 4 FACTORS) AND THE CATTELL’S SCREE TEST (CUT-OFF AT 2.5 EIGENVALUE,
THEREBY USING 2 FACTORS).......................................................................................................................  1 78
Figure 6-8 Comparison of Principal Component 1-3 (PCI - PC3) for samples 32 and 35
............................................................................................................................................... 179
Figure 6-9 Principal Component 2 against Principal Component 3................................180
Figure 6-10 Principal Component 3 loading plot for Samples 32 and 35...................... 181
Figure 6-11 Spectra of (top) sample 35 and (bottom) sample 32, from Chapter 5. Red
BOXES INDICATE AREAS OF INTEREST FROM THE PC3 LOADING PLOT...................................... 181
Figure 6-12 Scree plot of Principal Components for samples 14,25,31 and 40 showing
MAJORITY OF VARIATION IS ACCOUNTED FOR IN THE FIRST THREE PRINCIPAL COMPONENTS
(PC1-PC3)........................................................................................................................... 183
Figure 6-13 Comparison of Principal Component 1-3 (PCI-PC3) for 14,25,31 and40 184 
Figure 6-14 Scree plot of Principal Components for samples 38 and 39 showing
MAJORITY OF VARIATION IS ACCOUNTED FOR IN THE FIRST THREE PRINCIPAL COMPONENTS
(PC1-PC3)...........................................................................................................................  187
Figure 6-15 Comparison of Principal Component 1 -3 (PC 1 - PC3).................................... 188
Figure 6-16 Scree plot of Principal Components for samples 5,9,10,41,43 and 47 (from
UNKNOWN SAMPLE SET) SHOWING MAJORITY OF VARIATION IS ACCOUNTED FOR IN THE FIRST
three Principal Components (PC 1-PC3)........................................................................190
Figure 6-17 Comparison of Principal Component 1-3 (PCI -PC3)..................................... 192
- IX -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Figure 7-1 Suggested analysis sequence of known and extraneous fibres;
INCORPORATING RAMAN SPECTROSCOPY .......................................................................... 201
Figure A-2 Raman spectrum of Cibacron Black C-NN HC (raw).....................................206
Figure A-3 Raman spectrum of Cibacron Black C-NN HC (baseline adjusted)........... 206
Figure A-4 Raman spectrum of Cibacron Black LSN (raw).............................................. 207
Figure A-5 Raman spectrum of Cibacron Black LSN (baseline adjusted).....................207
Figure A-6 Raman spectrum of Cibacron Black LS-N HC (raw)......................................208
Figure A-7 Raman spectrum of Cibacron Black LS-N HC (baseline adjusted)............ 208
Figure A-8 Raman spectrum of Orthocron Black WNN (raw)........................................209
Figure A-9 Raman spectrum of Orthocron Black WNN (baseline adjusted).............. 209
Figure A-10 Raman spectrum of Remazol Black B (raw).................................................. 210
Figure A-11 Raman spectrum of Remazol Black B (baseline adjusted).........................210
Figure A-12 Raman spectrum of Synazol Black B (raw).................................................. 211
Figure A-13 Raman spectrum of Synazol Black B (baseline adjusted).........................211
Figure A-14 Raman spectrum of Synazol Black HF-GRP (raw).......................................212
Figure A-15 Raman spectrum of Synazol Black HF-GRP (baseline adjusted)............. 212
Figure A-16 Raman spectrum of Cibacron Blue C-R.......................................................... 213
Figure A-17 Raman spectrum of Cibacron Blue LS-3R HC................................................ 213
Figure A-18 Raman spectrum of Cibacron Blue LSBR....................................................... 214
Figure A-19 Raman spectrum of Cibacron Brilliant Blue LSBR....................................214
Figure A-20 Raman spectrum of Cibacron Navy LS-G HC (raw)...................................... 215
Figure A-21 Raman spectrum of Cibacron Navy LS-G HC (baseline adjusted).............215
Figure A-22 Raman spectrum of Evercion Blue (HERD)................................................... 216
Figure A-23 Raman spectrum of Lanasol Navy CE (raw)................................................. 217
Figure A-24 Raman spectrum of Lanasol Navy CE (baseline adjusted).........................217
Figure A-25 Raman spectrum of Levafix Navy Blue E-BNA (raw).................................. 218
Figure A-26 Raman spectrum of Levafix Navy Blue E-BNA (baseline adjusted)....... 218
Figure A-27 Raman spectrum of Orthocron Blue HEGN (raw)....................................... 219
Figure A-28 Raman spectrum of Remazol Turquoise Blue G (fluoresced)....................219
Figure A-29 Raman spectrum of Sumifix Supra Blue BRF................................................. 220
Figure A-30 Raman spectrum of Sumifix Supra Navy Blue BF........................................ 220
Figure A-31 Raman spectrum of Cibacron Red LSB............................................................221
Figure A-32 Raman spectrum of Lanasol Red CE (raw).................................................... 222
Figure A-33 Raman spectrum of Lanasol Red CE (baseline adjusted)...........................222
Figure A-34 Raman spectrum of Procion Red HEXL...........................................................223
Figure A-35 Raman spectrum of Procion BR Red HEGXL................................................. 223
Figure A-36 Raman spectrum of Sumifix Scarlet 2GF (raw)............................................ 224
Figure A-37 Raman spectrum of Sumifix Scarlet 2GF (baseline adjusted)....................224
- x -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Figure A-38 Raman spectrum of Synazol Red HF 6BN...................................................... 225
Figure A-39 Raman spectrum of Cibacron Orange LSBR.................................................225
Figure A-40 Raman spectrum of Lanasol Yellow CE....................................................... 226
Figure A-41 Raman spectrum of Procion Yellow HEXL..................................................226
Figure A-42 Raman spectrum of Synazol Gold-Yellow HF 2GR....................................227
- xi -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
List of Tables
Table 1-1 World production figures for fibres (1980 and 2002) [19].................................6
Table 1-2 Colour after absorption/reflectance (adapted from) [26]............................. 8
Table 1-3 Dye class and related fibre affinity [26]............................................................. 9
Table 1-4 Dyes classes based on chemical structure [28].................................................10
Table 1-5 Total sale of dyes (with the exclusion of solvent and pigment dyes) in 1991
[31]........................................................................................................................................15
Table 1-6 Comparison of findings from three textile databases................................... 35
Table 1-7 Comparison of the findings from three different population studies......... 36
Table 3-1 Top five fibre/colour combinations in the Australian Database [25].......... 61
Table 3-2 Estimated annual consumption of dyes for cellulosic fibres [173]............. 62
Table 4-1 Fibre type, colour and wavelengths that have been investigated.............. 71
Table 4-2 Mounting methods used in various studies........................................................ 74
Table 4-3 Visible-Microspectrophotometry peak maxima, minima and shoulder........ 96
Table 4-4 Summary of results from the various Raman laser wavelengths............. 106
Table 5-1 References with fibre type and colour as well as the techniques used 111
Table 5-2 Comparison of Raman spectroscopy with other techniques for the analysis
OF PIGMENTS [140] .............................................................................................................  1 12
Table 5-3 Ability to use 1R vs. Raman analysis in fibre class and subclass
IDENTIFICATION OF SOME NON-DYED FIBRES [111]...........................................................  113
Table 5-4 Sample numbers and shade (assigned by manufacturer)...............................117
Table 5-5 Sample numbers and their dye components...................................................... 118
Table 5-6 Peak positions and relative intensities for Raman spectral group I...........145
Table 5-7 Peak positions and relative intensities for Raman spectral group II........146
Table 5-8 Peak positions and relative intensities for Raman spectral group IV......147
Table 5-9 Peak positions and relative intensities for Raman spectral group V...... 148
Table 5-10 Peak positions and relative intensities for Raman spectral group VI.....149
Table 5-11 Groupings created when analysing with the two techniques: Raman
SPECTROSCOPY AND UV-VlS MSP..................................................................................... 155
Table 6-1 Sample types, pre-processing and chemometric methods that have been
INVESTIGATED FOR RAMAN SPECTROSCOPY....................................................................... 167
Table 6-2 Factor number and corresponding eigenvalues (plus proportion) for samples
32 and 35..............................................................................................................................179
Table 6-3 Linear Discriminant analysis results for samples 32 and 35 - using first
THREE PRINCIPAL COMPONENTS (PC 1-PC3)....................................................................... 182
- xii -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Table 6-4 Factor number and corresponding eigenvalues (plus proportion) for samples
14,25,31 and40................................................................................................................ 184
Table 6-5 Linear Discriminant analysis results for samples 14,25,31 and 40 - using 
FIRST THREE PRINCIPAL COMPONENTS (PC 1-PC3) - NOTE INCORRECT CLASSIFICATION OF
SAMPLES (HIGHLIGHTED IN RED).......................................................................................................... 185
Table 6-6 Linear Discriminant analysis results for samples 14,25,31 and 40 - using 
first four Principal Components (PC 1-PC6) - note incorrect classification no
LONGER OCCURRING...........................................................................................................  186
Table 6-7 Factor number and corresponding eigenvalues (plus proportion) for samples
38 and 39............................................................................................................................. 188
Table 6-8 Quadratic Discriminant analysis results for samples 38 and 39 - using first
three Principal Components (PC 1-PC3)....................................................................... 189
Table 6-9 Factor number and corresponding eigenvalues (plus proportion) for
UNKNOWN SAMPLE SET MSP GROUP A/RAMAN GROUP 1.................................................. 191
Table 6-10 Quadratic Discriminant analysis results for unknown sample set MSP
GROUP A/Raman GROUP 1 - USING FIRST FIVE PRINCIPAL COMPONENTS (PC 1-PC5)...... 193
Table A-1 Black dyes analysed by 785 nm showing manufacturer’s name and Cl
NUMBER (IF KNOWN).............................................................................................................203
Table A-2 Blue dyes analysed by 785 nm showing manufacturer's name and Cl number
(if known)............................................................................................................................204
Table A-3 Red dyes analysed by 785 nm showing manufacturer’s name and Cl number
(if known)............................................................................................................................205
Table A-4 Yellow and Orange dyes analysed by 785 nm showing manufacturer’s
NAME AND Cl NUMBER (IF KNOWN)......................................................................................205
Table 1-1 World production figures for fibres (1980 and 2002) [19].................................6
Table 1-2 Colour after absorption/reflectance (adapted from) [26]...............................8
Table 1-3 Dye class and related fibre affinity [26]............................................................. 9
Table 1-4 Dyes classes based on chemical structure [28]................................................. 10
Table 1-5 Total, sale of dyes (with the exclusion of solvent and pigment dyes) in 1991
[31].......................................................................................................................................... 15
Table 1-6 Comparison of findings from three textile databases....................................35
Table 1-7 Comparison of the findings from three different population studies......... 36
Table 3-1 Top five fibre/colour combinations in the Australian Database [25].......... 61
Table 3-2 Estimated annual consumption of dyes for cellulosic fibres [173]............. 62
Table 4-1 Fibre type, colour and wavelengths that have been investigated.............. 71
Table 4-2 Mounting methods used in various studies..........................................................74
Table 4-3 Visible-Microspectrophotometry peak maxima, minima and shoulder........ 96
- xiii -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Table 4-4 Summary of results from the various Raman laser wavelengths............. 106
Table 5-1 References with fibre type and colour as well as the techniques used....111
Table 5-2 Comparison of Raman spectroscopy with other techniques for the analysis
OF PIGMENTS [140] .............................................................................................................  112
Table 5-3 Ability to use 1R vs. Raman analysis in fibre class and subclass
IDENTIFICATION OF SOME NON-DYED FIBRES [111]...........................................................  1 13
Table 5-4 Sample numbers and shade (assigned by manufacturer)...............................117
Table 5-5 Sample numbers and their dye components......................................................118
Table 5-6 Peak positions and relative intensities for Raman spectral group I......... 145
Table 5-7 Peak positions and relative intensities for Raman spectral group II........ 146
Table 5-8 Peak positions and relative intensities for Raman spectral group IV....... 147
Table 5-9 Peak positions and relative intensities for Raman spectral group V........ 148
Table 5-10 Peak positions and relative intensities for Raman spectral group VI..... 149
Table 5-11 Groupings created when analysing with the two techniques: Raman
SPECTROSCOPY AND UV-VlS MSP..................................................................................... 1 55
Table 6-1 Sample types, pre-processing and chemometric methods that have been
INVESTIGATED FOR RAMAN SPECTROSCOPY....................................................................... 167
Table 6-2 Factor number and corresponding eigenvalues (plus proportion) for samples
32 and 35............................................................................................................................. 179
Table 6-3 Linear Discriminant analysis results for samples 32 and 35 - using first
THREE PRINCIPAL COMPONENTS (PC 1-PC3)....................................................................... 182
Table 6-4 Factor number and corresponding eigenvalues (plus proportion) for samples
14,25,31 and 40.................................................................................................................. 184
Table 6-5 Linear Discriminant analysis results for samples 14,25,31 and 40 - using 
FIRST THREE PRINCIPAL COMPONENTS (PC 1-PC3) - NOTE INCORRECT CLASSIFICATION OF 
SAMPLES (HIGHLIGHTED IN RED)......................................................................................... 185
Table 6-6 Linear Discriminant analysis results for samples 14,25,31 and 40 - using 
first four Principal Components (PC 1-PC6) - note incorrect classification no
LONGER OCCURRING...........................................................................................................  186
Table 6-7 Factor number and corresponding eigenvalues (plus proportion) for samples
38 and 39............................................................................................................................. 188
Table 6-8 Quadratic Discriminant analysis results for samples 38 and 39 - using first
three Principal Components (PC 1-PC3)....................................................................... 189
Table 6-9 Factor number and corresponding eigenvalues (plus proportion) for
UNKNOWN SAMPLE SET MSP GROUP A/RAMAN GROUP 1............................................................ 191
Table 6-10 Quadratic Discriminant analysis results for unknown sample set MSP
group A/Raman group I - using first five Principal Components (PC 1-PC5)...... 193
- xiv -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Table A-l Black dyes analysed by 785 nm showing manufacturer’s name and Cl
NUMBER (IF KNOWN)..................................................................................................................................203
Table A-2 Blue dyes analysed by 785 nm showing manufacturer’s name and Cl number
(IF KNOWN)............................................................................................................................204
Table A-3 Red dyes analysed by 785 nm showing manufacturer’s name and Cl number
(IF KNOWN)................................................................................................................................................... 205
Table A-4 Yellow and Orange dyes analysed by 785 nm showing manufacturer’s
NAME AND Cl NUMBER (IF KNOWN)......................................................................................................205
- XV -
Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
List of Equations
Equation 1 Bayesian posterior odds equation......................................................................37
Equation 2 Bayesian likelihood ratio.................................................................................... 38
Equation 3 Rayleigh scattering.............................................................................................. 43
Equation 4 Stokes radiation..................................................................................................... 44
Equation 5 Anti-Stokes radiation........................................................................................... 44
Equation 6 Calculation for Discrimination Power........................................................... 123
- xvi -





























European Network of Forensic Science Institutes
Electrospray Ionisation - Mass Spectrometry
Electrospray Ionisation - tandem Mass Spectrometry



























Surface Enhanced Resonance Raman Spectroscopy
Surface Enhanced Raman Spectroscopy
Scientific Working Group for Materials
Thin Layer Chromatography
Technical Working Group for Fiber Examinations
Ultraviolet
Visible Microspectrophotometry




Raman Spectroscopy for the Forensic Examination of Reactively Dyed Cotton
Abstract
In the 21st Century, fibre examiners are faced with the constraints of time and 
money. Rapid advances in DNA technology has seen fibre evidence undervalued 
due to it being time consuming, costly and (when competing with DNA) 
perceived to be less discriminatory. However, DNA is not present in all cases 
and when present may require other evidence to interpret the circumstance/s. 
The only way forward for fibre examinations is through research that will 
address issues of time and money whilst increasing their evidentiary value by 
demonstrating reliability through improved statistical information.
Raman spectroscopy was investigated as it is a technique that is growing in 
popularity for the analysis of materials. It is quick, discriminatory, non­
destructive and requires minimal sample preparation. The ability of Raman 
spectroscopy to discriminate black/grey and blue cotton fibres was investigated 
to determine how effective the technique would be for analysing this often 
undervalued fibre evidence.
Various parameters of Raman spectroscopy were investigated to determine the 
optimal conditions for the analysis of the samples selected. The major variable 
investigated was laser wavelength with the 785nm and 632.8nm lasers providing 
the best results. Results indicated that, at least, the major dye component could 
be identified using Raman spectroscopy.
The discriminatory power of the technique was then investigated for a sample set 
of 11 black/grey and blue cotton samples as well as a set of 91 black and blue 
cotton fibres of unknown dye types. This was then compared to the 
discriminatory power of microspectrophotometry (MSP) for the same sample 
sets as well as the discriminatory power of the combined techniques.
In analysis of both sample sets, Raman spectroscopy showed a lower 
discriminatory power than microspectrophotometry. However, combining the 
two techniques significantly increased the discriminatory power. Using
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chemometrics increased the discrimination provided by Raman spectroscopy 
indicating that chemometrics may be used as an aid for interpreting data.
Whilst the advantages of Raman spectroscopy were evident during these studies 
one major limitation of the technique was also highlighted. The problem of 
fluorescence has long been regarded as the major drawback to using Raman 
spectroscopy for fibre examinations. The problem was overcome in some 
instances by changing the laser wavelength but not all.
Even with the occurrence of fluorescence, it was shown that, for the sample sets 
investigated, Raman spectroscopy (when combined with 
microspectrophotometry) provided a level of discrimination not able to be 
achieved with microspectrophotometry as a single technique. Therefore, Raman 
spectroscopy should be considered when undertaking analysis of these sample 
types.
Keywords: Fibre evidence, Reactive Dyes, Raman Spectroscopy,
Microspectrophotometry, Chemometrics
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